Hearing loss alters serotonergic modulation of intrinsic excitability in auditory cortex. hearing loss during early childhood alters auditory cortical evoked potentials in humans and profoundly changes auditory processing in hearing-impaired animals. Multiple mechanisms underlie the early postnatal establishment of cortical circuits, but one important set of developmental mechanisms relies on the neuromodulator serotonin (5-hydroxytryptamine [5-HT]). On the other hand, early sensory activity may also regulate the establishment of adultlike 5-HT receptor expression and function. We examined the role of 5-HT in auditory cortex by first investigating how 5-HT neurotransmission and 5-HT 2 receptors influence the intrinsic excitability of layer II/III pyramidal neurons in brain slices of primary auditory cortex (A1). A brief application of 5-HT (50 M) transiently and reversibly decreased firing rates, input resistance, and spike rate adaptation in normal postnatal day 12 (P12) to P21 rats. Compared with sham-operated animals, cochlear ablation increased excitability at P12-P21, but all the effects of 5-HT, except for the decrease in adaptation, were eliminated in both sham-operated and cochlear-ablated rats. At P30 -P35, cochlear ablation did not increase intrinsic excitability compared with shams, but it did prevent a pronounced decrease in excitability that appeared 10 min after 5-HT application. We also tested whether the effects on excitability were mediated by 5-HT 2 receptors. In the presence of the 5-HT 2 -receptor antagonist, ketanserin, 5-HT significantly decreased excitability compared with 5-HT or ketanserin alone in both sham-operated and cochlear-ablated P12-P21 rats. However, at P30 -P35, ketanserin had no effect in sham-operated and only a modest effect cochlear-ablated animals. The 5-HT 2 -specific agonist 5-methoxy-N,N-dimethyltryptamine also had no effect at P12-P21. These results suggest that 5-HT likely regulates pyramidal cell excitability via multiple receptor subtypes with opposing effects. These data also show that early sensorineural hearing loss affects the ability of 5-HT receptor activation to modulate A1 pyramidal cell excitability.
I N T R O D U C T I O N
Hearing impairment during development produces significant changes in the acquisition of speech, sound discrimination, and cognitive function that may permanently diminish auditory perceptual skills and compromise language acquisition (Emmorey et al. 2003; Kidd et al. 2002; Psarommatis et al. 2001; Sanes and Bao 2009 ). Although hearing loss in animal models of deafness has been associated with numerous alterations in the cell biology and physiology of brain stem and cortical neurons, the mechanisms that underlie the changes in the primary auditory cortex (A1) remain largely unexplored. Understanding which elements of neural plasticity are engaged or perturbed in the CNS following sensorineural hearing loss (SNHL) is important, since such mechanisms may represent sites for novel clinical intervention strategies to improve or restore perceptual skills.
Perinatal bilateral hearing loss has been shown to increase the intrinsic excitability of auditory cortical neurons, decrease the strength of inhibition, decrease adaptation, and increase the strength of excitation in young gerbils (Kotak et al. 2005 (Kotak et al. , 2008 Xu et al. 2007) . Although these results strongly indicate that hearing loss raises overall cortical excitability, they also raise questions as to what other aspects of cortical physiology are influenced by early hearing loss. In particular, the normal development of the auditory cortical circuit depends on both sensory stimulation and modulatory systems that gate synaptic and intrinsic plasticity. For example, it is well documented that the tuning of cortical neurons and the organization of the tonotopic map in A1 depend on cholinergic afferents that arise from the nucleus basalis in the basal forebrain (Bakin and Weinberger 1996; Kilgard and Merzenich 1998; Kilgard et al. 2001 ) and on dopaminergic afferents from the ventral tegmental area . Two other neuromodulatory systems known to innervate A1 neurons include serotonin (5-hydroxytryptamine [5-HT]) and noradrenaline (Campbell et al. 1987) , but the role of these systems in regulating cortical plasticity, either in the normal or in the compromised auditory system, have not been actively explored. Ji et al. (2007) found that application of 5-HT in the bat auditory cortex can suppress or potentiate fear-induced plasticity of acoustic response areas, implicating serotonergic systems in the regulation of cortical plasticity according to behavioral context.
Clear evidence exists regarding the influential role of the serotonergic system during brain development, where it affects cellular proliferation, migration and differentiation, synaptogenesis, and apoptosis (Azmitia 2001; Lauder 1990 ). However, 5-HT also plays an important role in normal auditory processing in the adult brain. In humans, depletion of the 5-HT precursor tryptophan decreases the intensity dependence of auditory evoked magnetic N1/P2 dipole source activity (Kähkönen et al. 2002a,b) and modulates auditory selective attention (Ahveninen et al. 2003) . Serotonin also modulates auditory cortical evoked potentials (Dierks et al. 1999; Hegerl et al. 1993; Juckel et al. 1997) . Although 5-HT plays a crucial role in human auditory processing, the mechanisms by which 5-HT modulates auditory cortical activity at the cellular level are unknown. The effects of 5-HT are mediated by Ͼ14 receptor subtypes (Hoyer et al. 2002) , many of which can be found in the developing cerebral cortex. The 5-HT 2A and 5-HT 3 receptors are highly expressed by postmitotic neurons of the cerebral cortex (Johnson and Heinemann 1995; Vitalis and Parnavelas 2003) , whereas 5-HT 1A , 5-HT 2B , and 5-HT 3 are localized to the ventricular zones (Johnson and Heinemann 1995) . Serotonin has been shown to affect the electrical excitability of neurons in several cortical areas, although the effects seem to be region-specific. In prefrontal cortex, 5-HT 2A and 5-HT 7 receptors mediate depolarization during the first 2 postnatal weeks, whereas 5-HT 1A receptors mediate hyperpolarization during the third week (Beique et al. 2004 ). In the lateral entorhinal cortex, 5-HT reduces input resistance and hyperpolarizes layer II/III neurons through potassium channels coupled to 5-HT 1A receptors (Grünschlag et al. 1997 ). In the medial entorhinal cortex, 5-HT evokes a biphasic response, first hyperpolarizing neurons via 5-HT 1A receptors and then depolarizing neurons by an I h channel-dependent mechanism (Ma et al. 2007 ). The role of 5-HT in regulating cortical excitability therefore depends on the developmental trajectory and activitydependent expression of both specific receptor subtypes and target ion channels.
Existing evidence cited earlier suggests that 5-HT can developmentally regulate cortical neuron excitability and that 5-HT may play a role in auditory plasticity in adults. On the other hand, sensory activity may also regulate the developmentally programmed establishment of adultlike 5-HT receptor expression and function. We tested this hypothesis by investigating how 5-HT neurotransmission and 5-HT 2 receptors influence the intrinsic excitability of layer II/III pyramidal neurons in A1 and how the effects of 5-HT are modified by prehearing bilateral cochlear ablations at postnatal day 8 (P8) in rats.
M E T H O D S
All protocols for cochlear ablation, sham surgeries, and brain slice preparation were reviewed and approved by the University of North Carolina, Chapel Hill Institutional Animal Care and Use Committee. These experiments report on results from 14 normal P12-P21 rat pups, 12 sham surgery P12-P21 pups, 8 cochlear-ablated P12-P21 pups, 4 sham surgery P30 -P35 rats, and 4 cochlear-ablated P30 -P35 rats.
Cochlear ablations
Cochlear ablations were performed in P8 Sprague-Dawley rat pups. The pups were anesthetized with ketamine-xylazine (80 mg/kg-8 mg/kg, administered intraperitoneally [ip], respectively) and, after anesthesia was confirmed (no withdrawal induced by tail pinch), the surgical field was cleaned and made sterile. The incision site was cleaned with chlorhexidine soap scrub and a retroauricular incision was made in the skin and dissection carried down to the tympanic bulla. The middle ear was entered and ossicles were removed, after which a small hole was made in the cochlear wall and the contents were removed with small forceps. A small piece of Gelfoam was then placed in the cavity and the wound closed with 5-0 proline suture threads. Ablations were performed bilaterally. Following surgery, the pups were given ketoprofen analgesic (5 mg/kg) and warmed on a heating pad until they were ambulatory. They were then returned to their home cage. Pups were then reared with their mothers until they were used for experiments (P12-P21) or were weaned at P21 and raised in groups of four or fewer until they were tested at P30 -P35.
Sham surgeries were also performed, in which the anesthesia, skin incision, and wound closure were the same as those for cochlear ablations, although the bulla was not invaded, the ossicular chain was not removed, and the cochlea was not ablated.
Prior to each slice experiment, the animals were first tested for a Preyer's reflex (Jero 2001) , anesthetized with ketamine-xylazine (80 mg/kg-8 mg/kg, ip, respectively), decapitated, and the brain removed. In a subset of experiments, the Preyer's test was supplemented with auditory brain stem evoked response measures to confirm hearing loss. In all experiments, the inner wall of the cochlea was also observed under a dissection microscope to confirm the absence of cochlear tissue and the persistence of the Gelfoam insert. Therefore the recordings were not performed blind. Rats without any surgery (normal), sham-surgery rats, and cochlear-ablated rats were recorded when they were P12-P21 or at P30 -P35. Recordings from rats with cochlear ablations were then compared with aged-matched shamoperated controls. Following surgery, no vestibular complications were observed, as would be indicated by balance or overall motor activity, suggesting that the vestibular apparatus was not significantly affected by the surgical procedure.
Auditory cortex brain slice recordings
Following decapitation, the brain was immersed in ice-cold (4°C) cutting solution, blocked to a region containing A1, and 400 m thick slices were cut with a tissue slicer (Leica VT1000-S; Leica Microsystems, Bannockburn, IL). All slices were cut along the plane of the auditory thalamocortical fibers (Cruikshank et al. 2002; Metherate and Cruikshank 1999) . Two sections, starting Ն400 m dorsal to the rhinal fissure, were selected for study. Slices were transferred to an incubation chamber, maintained at 34°C for 30 min, and thereafter incubated at room temperature (ϳ22°C) until recording. The standard slicing, incubation, and recording solution was an artificial cerebrospinal fluid (aCSF) that contained (in mM) 134 NaCl, 3.0 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 KH 2 PO 4 , 10 glucose, 20 NaHCO 3 , 0.4 ascorbic acid, 2 sodium pyruvate, and 3 myoinositol. Slicing in P12-P21 rats was performed in this standard solution. Slicing in P30 -P35 rats was done in an N-methyl-D-glucamine-based solution to increase neuron survival (Tanaka et al. 2008) ; afterward, the slices were incubated and recorded in the standard aCSF. All solutions were continually equilibrated with 95% O 2 -5% CO 2 , setting the pH to 7.3-7.4. During recording, the slices were bathed at 34°C in a submersion-type recording chamber on the stage of an upright fixedstage microscope (Zeiss FS-2). The preparation was viewed with a ϫ40, 0.75 NA water-immersion objective, using video-enhanced differential interference contrast illumination in infrared light. Whole cell current-clamp recordings were obtained from layer II/III pyramidal neurons in A1 using Multiclamp 700A and 700B amplifiers (MDS Analytical Technologies, Toronto). Recording electrodes were pulled (P-2000; Sutter Instrument, Novato, CA) from 1.5-mm diameter KG-33 glass (Garner Glass, Claremont, CA) to a tip diameter of about 1 m, ends were fire polished, and tips were coated with Sylgard 184 (Dow Corning, Midland, MI). The pipettes were backfilled with a solution containing (in mM) 130 K-gluconate, 4 NaCl, 0.2 EGTA, 10 HEPES, 2 Mg 2 ATP, 0.3 Na 3 GTP, and 10 phosphocreatine (pH 7.2 with KOH). Membrane potentials were corrected for the measured junction potential (Ϫ12 mV for gluconate) between the electrode and bathing solutions. Data were acquired from neurons with a resting potential negative to Ϫ50 mV and with overshooting action potentials (APs). Three separate protocols were tested on each cell. First, complete current-response curves were obtained for 500-ms duration test pulses, to measure both the input resistance and the frequencycurrent (F-I) curve. Second, the AP threshold was measured in some experiments by injecting a 5-ms current pulse at multiple levels. The brief pulses were alternated with a 1/4 -amplitude hyperpolarizing pulse, which was then scaled and added to the AP during analysis to remove the passive component of the response. The AP threshold was measured as the point of voltage inflection on the rising phase of the AP that exhibited the maximum point of curvature (Erisir et al. 1999) . In experiments in older animals, the brief pulse failed to consistently elicit APs during the drug treatment, in which case measurements were taken from trains of APs during longer current pulses (as in Francis and Manis 2000) . Third, when drugs were washed onto the slice or washed out, a current pulse that produced an average of five APs in control conditions was presented every 20 s and changes in excitability were monitored. The current-voltage and current-firing relationships were also measured at the end of each solution wash period.
The primary auditory cortex (A1) was first located at low magnification (ϫ4 or ϫ5) and the recording electrode position was established in layer II/III. Neurons were visually identified using infrareddifferential contrast optics at ϫ40 magnification and whole cell current-clamp recordings were then obtained following formation of a tight seal. Layer II/III pyramidal neurons were selected for recording and identified by their electrophysiological characteristics. Fast-spiking neurons and bursting neurons were excluded from analysis.
5-HT and 5-HT 2 receptor electrophysiology
To investigate the effects of 5-HT on intrinsic excitability, serotonin hydrochloride (Sigma-Aldrich, St. Louis, MO) was bath applied at 50 M to each slice, using the protocol in Fig. 1 . This concentration was chosen to be in the middle of the dose-response curve for modulation of synaptic currents in the brain slice (Tanaka and North 1993) . To investigate the role of 5-HT 2 receptors, the 5-HT 2 receptor antagonist ketanserin tartrate (Sigma-Aldrich) was bath applied at 1 M, a concentration high enough to ensure nearly complete receptor block (Beique et al. 2004; Shapiro et al. 2000) . The excitability of each recorded cell was measured before and during a series of drug applications. After an initial period in control aCSF lasting 5 min, 50 M 5-HT was bath applied to each slice for 5 min. Following the application of 5-HT, the drug was washed out for 10 -15 min and ketanserin was then applied alone for 5 min and in combination with 5-HT for another 5 min. A final aCSF wash lasted 10 min. The same protocol was used for all age and surgery groups. In an independent set of experiments, the 5-HT 2 receptor agonist 5-methoxy-N,N-dimethyltryptamine (5-MeO-DMT; Sigma-Aldrich) was bath applied at 5 M, a concentration that is above the concentration required for half-maximal activation (K act ) for phosphotidyl inositol production from 5-HT 2A receptors, but which is below saturation (Shapiro et al. 2000) . Because 5-HT can initiate long-lasting signal transduction cascades, only one cell was studied from each slice.
Data acquisition and analysis
Electrophysiological data were acquired using custom-written scripts in MATLAB (Version 7.0 -7.6; The MathWorks, Natick, MA) with the Data Acquisition Toolbox and high-speed 12-or 16-bit A/D, D/A boards (National Instruments, Austin, TX). Analysis was performed with MATLAB using custom routines and statistical analysis was performed with Prism 5.0 (GraphPad, San Diego, CA). Frequencycurrent plots were collected in steps of 20 or 50 pA for younger and older rat experiments, respectively, and interpolated onto a common scale. Input resistance was measured as the maximum slope in the region of the current-voltage relationship just below resting potential. Spike-rate adaptation ratios were calculated as the mean of the last two interspike intervals divided by the first interspike interval, for firing rates between 8 and 20 Hz (4 to 10 spikes elicited by a 500-ms depolarizing pulse). The sag in the hyperpolarizing direction was measured as the steady-state voltage divided by the peak voltage, for peak voltages between Ϫ90 and Ϫ110 mV during hyperpolarizing currents, as described by Fujino and Oertel (2003) . Action potential properties such as afterhyperpolarization depth, AP height, maximum rising slope, width at half-amplitude, and threshold were measured from isolated spikes elicited by a brief current pulse or from trains of spikes elicited by 500-ms depolarizing current steps, as discussed earlier. For calculations of significance of resting membrane potential and input resistance, paired (where required) and unpaired Student's two-tailed t-tests were used. For calculations of significance of F-I curves, a two-way ANOVA was used followed by a Bonferroni post hoc test (df, degrees of freedom; F, F ratio). Whenever possible, ANOVAs were computed using repeated measures across treatments in single cells. However, in a few cases cells could not be recorded for the entire duration of the protocol, and so there were unequal numbers of observations across experimental treatments. In these cases, the two-way ANOVAs were computed without matching and the number of observations for each treatment group is given. Results are presented as mean and SE.
R E S U L T S
Recordings were made from "normal" animals, in which the cochleae were not surgically manipulated; "sham" animals, which were subject to sham surgery; and "ablated" animals with bilateral cochlear ablations. Neurons were included in the final analysis only if they met criteria for input resistance (Ն40 M⍀), resting potential (negative to Ϫ50 mV), and spike height (Ͼ80 mV, as measured from rest). In this section, we will first discuss the effects of 5-HT on normal A1 neurons. We then present the effects of the sham surgery and cochlear ablations. We conclude with an examination of the effects of cochlear ablations on the responses of A1 neurons to 5-HT.
5-HT modulation of intrinsic excitability in normal A1
Serotonin has been shown to affect the intrinsic properties of neurons in several cortical areas, with specific regional effects (see INTRODUCTION) . To investigate how 5-HT affects intrinsic firing in A1, responses to intracellular current pulses were collected from neurons in normal A1. Application of 5-HT decreased the number of spikes evoked by depolarizing current injections (Fig. 2, A and B ; two-way ANOVA, F-I in aCSF vs. F-I in 5-HT, df ϭ 1, F ϭ 12.25, P ϭ 0.0006; n ϭ 17). Serotonin produced a rightward shift in the F-I relationship that was largest for currents just above spike threshold and was statistically significant for the 80-and 100-pA steps (P Ͻ 0.05; Bonferroni posttest). Serotonin produced no difference in firing rates at the highest currents tested. Moreover, serotonin did not affect the resting membrane potential (Fig. 2C , aCSF: Ϫ65.8 Ϯ 1.3 mV; 5-HT: Ϫ64.7 Ϯ 2.6 mV, n ϭ 19, P ϭ 0.47, paired t-test) or the sag seen with hyperpolarizing pulses (see Supplemental Table S1 ). 1 However, it did reduce input resistance ( Fig. 2D ). Immediately after establishing whole cell recordings, and prior to the application of 5-HT, the mean input resistance was 178.5 Ϯ 22.6 M⍀. At the end of a 5-min application of 5-HT, the input resistance fell to 132.5 Ϯ 14.7 M⍀ (P ϭ 0.020, paired t-test; n ϭ 19). Serotonin also significantly decreased the adaptation ratio ( Fig. 2E ), from 2.7 Ϯ 0.2 to 2.2 Ϯ 0.2 (P ϭ 0.004, paired t-test; n ϭ 17). We conclude that 5-HT modulates the excitability of A1 layer II/III neurons in three ways: it decreases the firing rate, the input resistance, and firing rate adaption.
Effects of sham surgery
Since the cochlear ablations were performed in neonatal P8 rat pups, we were concerned that the surgery alone might influence cortical development. Therefore before testing for the effects of 5-HT in cochlear-ablated animals, we first evaluated the effect of surgery on A1 neurons, by comparing the physiology of cells from normal and sham surgery controls. Sur-prisingly, the sham surgery significantly decreased the number of spikes (Fig. 3, A and B ) evoked by depolarizing current injections at all levels (two-way ANOVA, F-I in normal vs. F-I in sham, df ϭ 1, F ϭ 15.5, P Ͻ 0.0001). However, the changes in spike rate were not accompanied by significant changes in the resting membrane potential, input resistance, or the spike adaptation ratio (Fig. 3 , C-E; also see Supplemental  Table S1 ). Our results suggest that removal of the pup from the nest, anesthesia, and recovery from anesthesia during surgery are sufficient to produce an effect on cortical physiology and, specifically, electrical excitability, in these young animals. Thus in subsequent experiments, comparisons were made between the sham and ablated surgery groups, which differed only in the surgical removal of the cochlea. Kotak et al. (2005) showed that layer II/III neurons from animals with SNHL had an increased intrinsic excitability when compared with normal animals. The changes in excitability seen in the animals with sham surgeries prompted us to reevaluate the changes due to cochlear ablations, by comparing effects of bilateral cochlear ablation on the excitability of layer II/III A1 neurons to sham surgery controls. Cochlear ablation resulted in significantly increased firing rate of neurons when compared with shams (Fig. 3, A and B , two-way ANOVA, F-I in sham n ϭ 27 vs. F-I in ablated n ϭ 20, df ϭ 1, F ϭ 49.1, P Ͻ 0.0001). The mean firing rate was elevated at all current levels and was significant for all currents Ն100 pA (P Ͻ 0.05, Bonferroni posttest). Consistent with the results of Kotak et al. (2005) , the firing rate was also elevated, compared with that of normal hearing animals (Fig. 3, A and B , two-way ANOVA, F-I in 17 cochlear-ablated rats vs. F-I in 17 normal rats, df ϭ 1, F ϭ 6.44, P ϭ 0.012). We conclude that the increase in excitability caused by cochlear ablation is still evident, compared with sham surgery, and thus is not solely the consequence of other aspects of the surgical procedure. However, paradoxically, the amplitude of the APs in the sham animals was significantly larger than that in the ablated animals (Supplemental Table S1 ; unpaired t-test, P ϭ 0.034), whereas no other aspects of the AP shape were different.
Effects of cochlear ablation on excitability in rat A1

Effects of cochlear ablation on 5-HT modulation of excitability
We next assessed the effects of SNHL on 5-HT modulation of excitability, by testing the effects of bath-applied 5-HT (50 M) on cells from cochlear-ablated and sham-operated rats. In contrast to its effects in normal animals (Fig. 2) , 5-HT did not alter the number of spikes produced by neurons from sham animals aged P12-P21 (Fig. 4, A and C, two-way ANOVA, F-I in aCSF vs. F-I in 5-HT, df ϭ 1, F ϭ 0.34, P ϭ 0.56, n ϭ 21). These results in sham animals were obtained in two separate experimental series performed over a year apart, on different setups, and by different individuals. Since both series showed the same lack of effect of 5-HT compared with contemporaneous controls and were not different from each other, the data from the two series have been combined. In addition, 5-HT had no effect on the intrinsic excitability of cells from animals with cochlear ablations (Fig. 4, B and D, two-way ANOVA, F-I in aCSF vs. F-I in 5-HT, df ϭ 1, F ϭ 2.23, P ϭ 0.13; n ϭ 15). Figure 5 summarizes the measurements of resting potential, input resistance, and adaptation ratio through the protocol shown in Fig. 1 for each of the experimental conditions for both age groups. Although the effects of 5-HT in the sham and ablated P12-P21 animals do not always reach statistical significance, the overall patterns of membrane potential and input resistance changes resemble those of the normal group, suggesting that there may be an attenuated response to 5-HT. Similar to its effect in normal hearing animals, 5-HT reduced the input resistance of neurons from both sham (P ϭ 0.023, two-tailed t-test) and ablated animals (P ϭ 0.020, two-tailed t-test; Fig. 5B, left) . Fig. 1 ). Dashed gray lines indicate resting membrane potential; current injection is shown below the voltage traces. Traces in aCSF and 5-HT are taken from a neuron different from those in wash, KTS, and KTS ϩ 5-HT. B: voltage traces as in A from 2 example neurons from cochlear-ablated animals. C: mean firing rates evoked by depolarizing current injections inform a population of sham rats: aCSF (squares), in the presence of 50 M 5-HT (blue squares), after wash1 (open squares with dashed line), in 1 M KTS (green squares), and in KTS ϩ 5-HT (red squares). Neither serotonin nor ketanserin changed the firing rate. In the presence of ketanserin, serotonin significantly decreased firing rate. D: data for cochlear-ablated rats, in the same format as that in C.
Serotonin significantly decreased the adaptation ratio of neurons in ablated animals ( Fig. 5C, left ; Supplemental Table S1 , P ϭ 0.0002, two-tailed t-test), but not in sham animals.
Previous work has shown that activation of different 5-HT receptor subtypes can trigger depolarizing or hyperpolarizing membrane potential responses in various CNS neurons (Andrade et al. 1987 Araneda et al. 1991; Chapin et al. 2001; Tanaka et al. 1993) . Previously, we found that 5-HT 2 receptors are highly expressed in layer II/III neurons of the auditory cortex (Basura et al. 2008) . We therefore used ketanserin (a 5-HT 2 receptor antagonist, 1 M) to block the effects of 5-HT on 5-HT 2 receptors. In the absence of exogenous 5-HT, blocking 5-HT 2 receptors with ketanserin did not affect firing of neurons from sham (Fig. 4 , A and C, two-way ANOVA, F-I in aCSF vs. F-I in Ket, df ϭ 1, F ϭ 0.58, P ϭ 0.45; n ϭ 11) or cochlear-ablated animals (Fig. 4, B and D, two-way ANOVA, F-I in aCSF vs. F-I in Ket, df ϭ 1, F ϭ 0.67, P ϭ 0.42; n ϭ 8). This suggests that the basal tone of 5-HT in the slice is not sufficient to drive changes in excitability or firing. Interestingly, when ketanserin was applied to the bath concurrently with 5-HT (50 M), the number of spikes in neurons from sham animals decreased relative to ketanserin (Fig. 4 , A and C, two-way ANOVA, F-I in Ket vs. F-I in Ket ϩ 5-HT, df ϭ 1, F ϭ 45.3, P Ͻ 0.0001; n ϭ 11) and was significantly reduced for currents between 100 and 140 pA (P Ͻ 0.05, Bonferroni posttest). Moreover, in the presence of ketanserin, 5-HT markedly reduced the firing rates in cochlearablated animals below the rates evoked in ketanserin alone (Fig. 4, B and D, two-way ANOVA, F-I in Ket vs. F-I in Ket ϩ 5-HT, df ϭ 1, F ϭ 30.0, P ϭ 0.0001; n ϭ 8). The rate reduction was significant for currents between 80 and 120 pA (P Ͻ 0.05, Bonferroni posttest). We conclude that blocking 5-HT 2 receptors with ketanserin unmasks an action of 5-HT on other 5-HT receptor subtypes and that this effect is not changed by cochlear ablation in animals tested at P12-P21.
To test the hypothesis that specific activation of 5-HT 2 receptors affects excitability, we bath applied a 5-HT 2 receptor agonist 5-MeO-DMT (5 M) in 0.1% DMSO. DMSO alone had no effect on the firing rate. Similarly, 5-MeO-DMT did not affect the firing rate in normal neurons (P16 -P18) (Fig. 6 , two-way ANOVA, F-I in DMSO vs. F-I in 5-MeO-DMT, df ϭ 1, F ϭ 0.023, P ϭ 0.88; n ϭ 5 cells). Although the spike rate was not changed by 5-MeO-DMT, the input resistance decreased (97.5 Ϯ 11.0 M⍀ in DMSO vs. 79.1 Ϯ 11.6 M⍀ in 5-MeO-DMT, two-tailed t-test, P ϭ 0.0007). However, the adaptation ratio did not significantly change. These results suggest that stimulation of 5-HT 2 receptors does not influence the firing rate of A1 neurons.
Developmental effects of hearing loss on 5-HT 2 modulation of excitability
Neurons in the auditory cortex exhibit several prominent changes during development. In rat, the tonotopic map under-goes significant refinement between P14 and P22 (Chang et al. 2003; de Villers-Sidani et al. 2007; Zhang et al. 2001) . The bandwidths of excitatory receptive fields continue to decrease and the ability of neurons to follow repetitive stimuli improves until at least P35 (Chang et al. 2003 (Chang et al. , 2005 . At the cellular level, there is an overall decrease in neural excitability and a rightward shift in the F-I curves of auditory cortical neurons at P19 -P29, compared with P10 -P18 (Oswald and Reyes 2008) . The data we have presented so far (up to P21) were collected prior to an important developmental turning point. Consequently, we next examined an older group of P8 sham-operated and cochlear-ablated animals using the same paradigm as that used for the P12-P21 group.
First, we tested whether the increased firing rate of neurons following hearing loss persists to P30 -P35. However, we could find no difference in excitability due to hearing loss between sham and cochlear-ablated animals at P30 -P35 (Supplemental Fig. S1 ; two-way ANOVA, F-I in sham vs. ablated, df ϭ 1, F ϭ 0.83, P ϭ 0.37; n ϭ 3 sham and 6 ablated cells). Furthermore, the difference in AP height seen in P12-P21 animals was absent in the older animals ( Supplemental Table  S1 ; unpaired t-test, P ϭ 0.49). We next asked whether 5-HT 2 modulation of excitability is present only transiently during P12-P21 or persists to P30. Serotonin did decrease the firing rates of neurons from sham animals 5 min after application (Fig. 7C , two-way ANOVA , F-I in aCSF vs. F-I in 5-HT, df ϭ 1, F ϭ 8.56, P ϭ 0.0062; n ϭ 4). However, in contrast to younger animals, there was an even stronger suppression of firing that appeared 10 -15 min after 5-HT was washed out Cochlear ablation decreases the ability of 5-HT to modulate excitability in P30 -P35 rat A1. A: voltage traces from an example neuron from a sham animal in response to a 100 pA depolarizing current step under different drug conditions (as in Fig. 1 ). Dashed gray lines indicate resting membrane potential; current injection is shown below the voltage traces. B: voltage traces as in A from an example neuron from a cochlear-ablated animal. C: mean firing rates evoked by depolarizing current injections inform a population of sham rats: aCSF (squares), in the presence of 50 M 5-HT (blue squares), after wash1 (open squares with dashed line), in 1 M KTS (green squares), and in KTS ϩ 5-HT (red squares). Serotonin acutely decreased the firing rate, but also had a strong delayed effect after 15 min of aCSF wash, greatly raising threshold and decreasing the firing rage. Subsequent challenges with KTS and 5-HT had no further effect. D: data for cochlear-ablated rats, in the same format as that for C. 5-HT had no acute or delayed effect. KTS decreased firing slightly, whereas the subsequent addition of 5-HT decreased firing further. (Fig. 7C , two-way ANOVA , F-I in aCSF vs. F-I in Wash1, df ϭ 1, F ϭ 7.00, P ϭ 0.011; n ϭ 4, aCSF and n ϭ 3, Wash1). In cochlear-ablated P30 -P35 animals, however, 5-HT did not suppress firing either during application or 10 -15 min later (Fig. 7, B and D, 5-min: two-way ANOVA, F-I in aCSF vs. F-I in 5-HT, df ϭ 1, F ϭ 0.5, P ϭ 0.48; 10 -15 min: F-I in aCSF vs. F-I in Wash1, df ϭ 1, F ϭ 1.87, P ϭ 0.17) . In contrast to these effects on the F-I relationship, the effects of 5-HT on resting potential, input resistance, and the adaptation ratio were small and not significant (Fig. 5, right) . Thus at this later time point, 5-HT was ineffective in depressing the excitability of cells after cochlear ablation.
In these same cells, we also tested whether age affected 5-HT 2 receptor modulation of excitability following cochlear ablation using the paradigm shown in Fig. 1 , with simultaneous application of ketanserin (1 M) and 5-HT (50 M). Application of ketanserin alone did not alter firing in sham animals (Fig. 7 , A and C, two-way ANOVA, F-I in Wash1 vs. F-I in Ket, df ϭ 1, F ϭ 1.75, P ϭ 0.19). Simultaneous application of ketanserin and 5-HT also did not alter firing (Fig. 7 , A and C, two-way ANOVA, F-I in Wash1 vs. F-I in Ket, df ϭ 1, F ϭ 0.14, P ϭ 0.71). In contrast to our findings in younger neurons (Fig. 4) , application of ketanserin alone significantly decreased neuronal firing in cochlear-ablated animals (Fig. 7, B and D, two-way ANOVA, F-I in Wash1 vs. F-I in Ket, df ϭ 1, F ϭ 5.75, P ϭ 0.021). This result is surprising, given that 5-HT alone had no effect in these animals. A subsequent 5-min application of 5-HT in the presence of ketanserin, however, produced an additional small but significant decrease in firing (Fig. 7, B and D, two-way ANOVA, F-I in Ket vs. F-I in Ket ϩ 5-HT, df ϭ 1, F ϭ 5.19, P ϭ 0.028). These results suggest that non-5-HT 2 receptors are present and can regulate the intrinsic excitability. They also suggest, compared with the P12-P21 cells, that there is a developmental shift in the expression of 5-HT receptor subtypes or their signaling mechanisms that is further affected by cochlear ablation.
D I S C U S S I O N
Results of these experiments may be summarized as follows. First, we have shown that a sham surgery has an effect on the excitability of auditory cortical neurons. Second, we have confirmed that rat auditory cortical layer II/III pyramidal cells show increased excitability with hearing loss, even when compared with sham controls. Third, we show that 5-HT decreases excitability in P12-P21 normal auditory cortex. Fourth, we found that both sham surgery and cochlear ablation occlude the ability of 5-HT to decrease excitability. However, in the presence of ketanserin to block 5-HT 2 receptors, 5-HT can still further decrease excitability, suggesting that 5-HT likely operates through two receptor systems with opposing actions on excitability. Finally, electrical excitability is the same in sham and ablated animals at P30 -P35, or 21-27 days after the cochlear ablation. However, the modulation of excitability by 5-HT is blunted in the animals with hearing loss. Overall, our results suggest that 5-HT plays a functional role in regulating cellular excitability in A1 and that this role is developmentally regulated. In addition, the ability of 5-HT to modulate the intrinsic excitability of auditory cortical neurons depends on the hearing status of the animal. These experiments also raise a cautionary note regarding comparisons between cochlear-ablated and nonoperated experimental groups.
Effects of SNHL on intrinsic properties
The present data demonstrate increased pyramidal cell excitability in A1 layer II/III neurons following bilateral cochlear ablation (Fig. 3) , as a model of early-onset SNHL, confirming similar findings in gerbils (Kotak et al. 2005) . Kotak et al. (2005) reported cochlear ablation resulted in a decrease in adapting-type neurons and an increase in sustained-type neurons. Our results indicate that cochlear ablation increased the excitability of adapting-type neurons.
The underlying mechanisms contributing to increased excitability after cochlear ablation are unclear. In cochlear-ablated gerbils, A1 neurons display a depolarized resting potential, increased input resistance, and a higher incidence of sustained firing (Kotak et al. 2005) . However, in the present study, resting potential, input resistance, and spike rate adaptation were not affected either by sham surgery or by cochlear ablations; only the relationship between injected current and the firing rate was altered. This is consistent with previous reports that deprivation of afferent input can result in changes in intrinsic excitability in cerebral cortex (Desai et al. 1999; Maffei et al. 2004 ; but see Maravall et al. 2004 ) and in the cochlear nucleus (Francis and Manis 2000; Wang and Manis 2006) . Such changes likely reflect sensory activity-dependent homeostatic mechanisms, perhaps driven by down-regulation of brain-derived neurotrophic factor and phosphorylated cAMP response element binding after hearing loss (Tan et al. 2008 ). Tan et al. (2008) also observed a reduction in sodium channel immunoreactivity, which should reflect channel availability and might indicate reduced excitability. Our finding that cochlear ablation caused a significant decrease in the AP height (and a trend toward a decrease in the rising slope; Supplemental Table S1 ), which is primarily controlled by sodium channel density, is consistent with a reduction in sodium channel availability. The increased excitability, measured as the number of spikes for a given injection current, which we and Kotak et al. (2005) have both observed, could in turn be due to a decrease in the activation of conductances that control the interspike interval of cortical pyramidal cells. Our data in older animals are also consistent with this overall argument, in that there was no change in AP amplitude or in the firing rate for a given current between sham and ablated animals. We would expect that smaller APs could lead to less calcium influx, could decrease the engagement of calcium-activated potassium currents that regulate the slow afterhyperpolarization (Lorenzon and Foehring 1993) in cortical pyramidal neurons, and could lead to higher firing rates. Interestingly, and consistent with this argument, calcium-activated potassium currents have also been shown to be modulated by sensory experience (Maravall et al. 2004) in the somatosensory cortex during the early critical period between P12 and P17.
The role of homeostatic mechanisms in regulating excitability may be more complex than that with simple deprivation because it is unlikely that A1 is completely electrically silent after cochlear ablation. In the absence of auditory inputs, A1 has been shown to become responsive over time to both somatosensory and visual stimuli (Hunt et al. 2006; Kral 2007) . This raises the possibility that part of the difference between the P12-P21 neurons and the P30 -P35 neurons, where the F-I curves were not different between sham and ablated animals, is that the latter are engaged in a crossmodal sensory processing. This sensory activity may be sufficient to return the excitability of the neurons to their "normal" operating point.
On the other hand, the coupling between 5-HT receptors and modulation of neuronal firing is decreased in the ablated animals at P30 -P35, suggesting that the receptors failed to become engaged, due either to inadequate expression, dysfunctional coupling to their second messengers, or to a mislocalization with respect to their target proteins. Thus it appears that early hearing loss disrupts the serotonergic signaling system in auditory cortex and, in turn, likely limits the serotonergic modulation of cortical function later in life. The manner in which these changes in the 5-HT systems affect subsequent cortical function and plasticity, for example with reintroduction of auditory activity with cochlear implants, remains to be studied.
Role of 5-HT and 5-HT 2 receptors in A1 neurons
Our observation that serotonin decreased neuronal firing in the normal auditory cortex suggests that one role of 5-HT is to suppress neural activity under conditions when serotonergic neurons are activated (Ji et al. 2007) . In contrast to the clear effects in normal animals, activation of 5-HT receptors did not alter firing rate or AP shape in sham-operated P12-P21 animals, although it did affect firing rate adaptation in cochlearablated animals. In both shams and cochlear-ablated animals, 5-HT reduced firing even in the presence of the 5-HT 2 receptor antagonist ketanserin, compared with the effects of ketanserin alone. This suggests that the reduction in firing depends on non-5-HT 2 receptors and is consistent with our observation that the specific 5-HT 2 agonist 5MeO-DMT did not affect the firing rate in normal cortex. It would appear that 5-HT 2 receptors do not directly couple to ion channels in auditory cortex. One interpretation of these results is that there are two different serotonergic receptor systems that can regulate excitability in A1. This idea is supported by observations in pyramidal cells of the adult prefrontal cortex, which coexpress 5-HT 1A and 5-HT 2A receptors (Martin-Ruiz et al. 2001) . For example, parallel electrophysiological studies have shown that 5-HT 1A receptors can mediate hyperpolarization, whereas 5-HT 2A receptors can cause depolarization (Araneda and Andrade 1991; Davies et al. 1987; Tanaka and North 1993) . These systems affect excitability in opposite directions, such that when the 5-HT 2 receptors are blocked by ketanserin, a separate class of 5-HT receptors drives a decrease in excitability. A similar regulatory interaction of 5-HT 2A/C receptors on modulation by 5-HT 1A receptors has been shown for N-methyl-D-aspartate receptors in prefrontal cortex (Yuen et al. 2008) .
The decrease in input resistance and firing rate in auditory cortex might be driven by 5-HT 1A receptors (Gurevich et al. 1990) , which have been shown to activate outward currents mediated by G protein-activated inwardly rectifying K ϩ channels (Lüscher et al. 1997) . 5-HT 1A receptors are poorly expressed in the cerebral cortex immediately after birth, but increase in expression during the early postnatal period (Daval et al. 1987; Miquel et al. 1994) . Although perinatal layer V prefrontal cortical neurons can be depolarized through the activation of 5-HT 2A and 5-HT 7 receptors, by the beginning of the third week of age in rats, the depolarization is replaced by a hyperpolarization mediated by 5-HT 1A receptors (Beique et al. 2004) . In our experiments, changes in membrane potential in the normal cells (Fig. 5A, left) are somewhat consistent with this pattern in that before the third week of life, 5-HT produces a depolarization. In this respect, it is interesting that in the P30 -P35 sham group, there is a very strong effect of 5-HT alone, although this effect is delayed by many minutes as if it might be mediated through a slow second messenger cascade. However, the changes in firing with current injection, which were independent of membrane potential, suggest that an additional set of target mechanisms is involved in auditory cortex.
The acute decrease in firing rate adaptation in normal A1 (Fig. 5C, left) suggests that 5-HT receptors can modulate cortical information processing by modifying spike timing patterns. In particular, we observed a decrease in spike rate adaptation acutely in the presence of 5-HT in normal and cochlear-ablated animals at P12-P21 and a similar (but not significant) trend in ablated animals at P30 -P35. A decrease in the adaptation ratio implies that the neuron may be signaling the steady-state component of its response to stimuli more than its transient response to the onset of the stimulus. That this occurs acutely, appears to be reversible ( Fig. 5C ) and is dissociated from the mean firing rate patterns would suggest that adaptation may be regulated by a separate mechanism that is coupled to the 5-HT receptors. Modification of rate adaption could be related to attentive or aroused states, where the presence of sustained discharge patterns, as opposed to rapidly adapting firing, might be critical for auditory signal detection or discrimination (Ahveninen et al. 2003; Oranje et al. 2008) .
Serotonin has been shown to play an important role in the developing mammalian brain (Hoyer et al. 2002; Lauder et al. 2000) . Consequently, a shift in the expression of these receptors during critical periods of development, as we have shown to be produced by both the sham surgery and by cochlear ablation in neonatal rats, could have long-lasting effects on cortical wiring and sensory processing. Although many 5-HT receptor subtypes may also be present and play roles in regulating excitability and synaptic strength (e.g., 5-HT1 A , 5-HT 3 , and 5-HT 7 ), the current data provide a foundation for focused pharmacological experiments that specifically isolate 5-HT receptor pathways and their contributions to A1 pyramidal cell activity in this model of SNHL. Such studies could provide understanding of the electrophysiological changes observed following bilateral cochlear ablation and provide important pharmacological clues for methods to help restore auditory function and plasticity in hearing-impaired children.
